The U.S. Clean Air Act identifies 188 hazardous air pollutants (HAPs), or "air toxics," associated with adverse human health effects. Of these air toxics, 18 were targeted as the most important in a 10-City Pilot Study conducted in 2001 and 2002 as part of the National Air Toxics Trend Sites Program. In the present analysis, measurements available from monitoring networks in North America were used to estimate boundary layer background concentrations and trends of these 18 HAPs. The background concentrations reported in this study are as much as 85% lower than those reported in recent studies of HAP concentrations. Background concentrations of some volatile organic compounds were analyzed for trends at the 95% confidence level; only carbon tetrachloride (CCI 4 ) and tetrachloroethylene decreased significantly in recent years. Remote background concentrations were compared with the one-in-a-million (i.e., 10 Ϫ6 ) cancer benchmarks to determine the possible causes of health risk in rural and remote areas; benzene, chloroform, formaldehyde, and chromium (Cr) fine particulate were higher than cancer benchmark values. In addition, remote background concentrations were found to contribute between 5% and 99% of median urban concentrations.
INTRODUCTION
There are currently 188 hazardous air pollutants (HAPs), or "air toxics," regulated under Section 112 of the U.S. Clean Air Act (CAA). Of these 188 HAPs, 18 were targeted in a 10-City Pilot Study conducted in 2001 and 2002 as a precursor to the National Air Toxics Trends Sites network. 1 4 ), chloroform, 1,2-dichloropropane, formaldehyde, methylene chloride, tetrachloroethylene, trichloroethylene, and vinyl chloride]. In addition, acrolein was measured, because it was identified as one of the six key mobile source air toxics.
Historically, air toxics measurement programs in the United States have focused on urban areas, such as those in the 10-City Pilot Study, because sources are predominantly located in urban areas, and health risk is proportional to population exposure (i.e., more people live in cities). Thus, concentrations of many air toxics are not well characterized in rural areas. However, the maximum achievable reductions in air toxics concentrations in both urban and rural regions are limited by the background concentrations of air toxics transported into a region. Thus, an understanding of background concentrations is needed to address important policy questions about local control of HAP concentrations and air quality.
Background concentrations of selected HAPs were discussed previously in Rosenbaum et al. 2 and Bortnick et al. 3 In the Rosenbaum et al. 2 assessment, background concentration values gathered from literature sources were reported for 28 gas-phase HAPs. In a recent report, Bortnick et al. 3 developed an analysis of variance statistical model to determine HAP background concentrations for U.S. counties using measurements from the 10-City Pilot Study measurement sites and older measurement sites from across the United States. Ambient measurements were fit with shifted ␥ distribution functions. Additional analysis then estimated the "background" concentration by calculating the minimum typical concentration at a site.
Ambient concentrations of air toxics represent a balance between emissions from anthropogenic or natural sources and removal by photochemical reaction or deposition, dispersion, and dilution. In remote areas far from sources, ambient concentrations are primarily controlled by the meteorological transport (i.e., advection and mixing) of a pollutant into an area and its removal rate. Atmospheric residence times generally determine the potential for the accumulation of trace gases in the background atmosphere. Compounds with short residence times, such as 1,3-butadiene, which has a 2-hr lifetime in the presence of background ozone, have negligible background concentrations. On the other hand, CCl 4 has an atmospheric residence time on the order of decades and, thus, has a fairly uniform concentration globally.
This study focuses on North American boundary layer background concentrations of the target 18 air toxics measured in the U.S. Environmental Protection Agency (EPA)-sponsored 10-City Pilot Study. Measurements from multiple monitoring networks and from previously published studies were used to estimate remote and/or rural concentrations of these species. These background concentrations were used to determine which, if any, species pose possible health risks in rural areas and assessed the contributions of background concentrations to typical urban concentrations. In addition, trends in background concentrations of HAPs were examined to determine whether changes over time could be ascribed to control measures.
Background Concentrations: Definitions "Background concentration" may be defined several ways, depending on the context and application. Remote and regional background concentrations are possible categories. Mean annual concentrations are used in the computation of background concentrations, because they are most comparable to the mean annual concentrations used for assessing risk. However, this annual average background value may not be meaningful for some analyses because of significant spatial and/or temporal variability for some of the short-lived species.
Remote background can be defined as the mean concentration of a compound measured at a surface site that is not impacted by local or regional emission sources. Examples of remote sites include polar regions or islands in the middle of the ocean. Concentrations at such sites are some of the lowest values in the lower atmosphere and can be assigned as a reasonable lower limit expectation for concentrations measured closer to emissions sources. For this study, only North American remote sites were considered in calculating remote background concentrations.
Regional background is defined as the mean concentration of a compound measured at a site that is not impacted by local sources but representative of the region or airshed. A regional background site might be one located in a coastal area with predominantly onshore flow or a remote continental site uninfluenced by local sources. Concentrations at such sites can be as low as the remote background but are oftentimes higher because of the impact of regional emissions. Class I federal areas often meet the definition of regional background. The Clean Air Act defines Class I federal areas as certain national parks, wilderness areas, national memorial parks, and international parks that were in existence as of August 1977.
Methodology and Data Availability
Because of the heterogeneous nature of HAP compounds, multiple measurement methods are used to sample and analyze the compound classes. The authors gathered publicly available monitoring data from two monitoring networks and performed a literature review to obtain annual average concentrations measured at background sites. In the following subsections, a brief description of the monitoring networks, measurement methods, and locations of some of the networks are provided. Remote and regional background monitoring stations operated by the National Oceanic and Atmospheric Administration (NOAA) Climate Monitoring and Diagnostics Laboratory (CMDL) routinely measure benzene, chloroform, tetrachloroethylene, methylene chloride, and CCl 4 concentrations. Regional background monitoring sites in the Interagency Monitoring of Protected Visual Environments (IMPROVE) network routinely measure concentrations of As, Cr, Mn, Pb, and Ni in PM with aerodynamic diameter Ͻ2.5 microns (PM 2.5 ) metals. 4 Sampling locations for the two networks are shown in Figure 1 . The authors briefly summarize results from field studies of remote background concentrations for formaldehyde and acetaldehyde. Finally, the authors provide upper-limit estimates of background concentrations based on known emissions and atmospheric residence times.
NOAA-CMDL Measurements of VOCs
The NOAA-CMDL network consists primarily of monitoring stations located globally at remote sites unlikely to be significantly impacted by local or regional emissions. Figure 1 .
Whole air samples were collected approximately weekly into paired stainless steel or glass flasks and were analyzed using gas chromatography-mass spectrometry. The flasks were filled in parallel over a period of ϳ5 min; hence, they do not represent time-integrated samplings over an extended period. The measurements were calibrated with standards prepared at NOAA with gravimetric techniques. Analysis precision was Ϯ2% of the measured values, because measured mixing ratios were always well above the minimum detection limits (MDLs). Results are expressed as dry air mixing ratios (pmol/mol Ϫ1 or ppt) but have been converted to concentrations (g/m 3 at 25°C and one atmosphere) to make direct comparisons with health-risk benchmarks. No direct comparisons between calibration standards made at NOAA and the host of laboratories that measure urban air toxics have been made. Additional HAPs (i.e., dibromomethane, methyl bromide, methyl chloride, trichloroethylene, 1,1,1-trichloroethane, methyl iodide, bromoform, and carbonyl sulfide) were also measured at NOAA-CMDL 5-7 but are not discussed here.
IMPROVE Measurements of Metals in PM 2.5
The IMPROVE network consists of nearly 150 sites in Class I rural areas scattered throughout the United States. 8, 9 Measurements from this network began in 1988 at a few sites, and data were available through the middle of 2003. Twenty-four-hour PM 2.5 filters were collected approximately twice weekly and were analyzed at University of California at Davis using either particle-induced X-ray emission or X-ray fluorescence. Toxic metals measured at the IMPROVE sites include As, Cr, Pb, Mn, and Ni. MDLs are always filter, compound, and method dependent and have changed over the lifetime of IMPROVE measurements. 10 Estimates of PM 2.5 metal background concentrations were made by compiling valid annual averages for individual sites for the year 2002. This year was chosen because it was the most recent year with a valid and complete set of measurements for all of the sites. Valid measurements with undetected concentrations (i.e., because they were below the MDL) were replaced with MDL/2 for compiling the annual means. This substitution has a minimal effect on mean concentrations as long as Ͼ50% of the measurements are above the MDL. These averages were then sorted to determine the mean, median, and 20th percentile concentrations of these annual averages. The mean MDL for each metal was also calculated. It is important to note that these rural background estimates are from PM 2.5 , whereas it is expected that at least some fraction of PM metals reside in larger size fractions (Ͼ2.5 m). Thus, the IMPROVE PM 2.5 data provide a lower bound estimate of background annual average PM with a diameter Ͻ10 m or total suspended particulate size fractions for downwind urban sites.
Field Studies of Acetaldehyde and Formaldehyde
Remote background concentrations of acetaldehyde and formaldehyde have been the subject of a few published field studies. Because both these species are produced in situ from the photo-oxidation of other species and have short atmospheric residence times, their concentrations will not be well mixed around a given latitutidinal band. Therefore, remote background concentrations from the Pacific or Atlantic Oceans should be considered a lower limit for the regional background concentrations over continental North America.
Singh et al. 11 reported concentrations of acetaldehyde over the Pacific Ocean, and von Kuhlman et al. 12 reported concentrations of acetaldehyde at remote and regional background sites in Europe. Formaldehyde concentrations have been measured in field studies at Mauna Loa, HI, in 1991-1992, and at other remote locations in the Atlantic Ocean and Europe. 12, 13 The consistency of the concentration values across these sites increases our confidence in the appropriateness of our estimate for a lower limit for North America.
Estimates for Other HAPs
For the remainder of the selected core HAPs, the authors have not found any recently reported background measurements. However, the authors can estimate an upperlimit remote (for gas-phase species) or regional (for PM metals) background concentration based on atmospheric residence times, emissions rates, and ambient measurements from urban areas. For example, acrolein, 1,3-butadiene, TCE, and vinyl chloride all have relatively short residence times in the atmosphere ranging from a few hours to less than a week. Without ubiquitous emission sources, concentrations of these compounds will decay to low levels in the remote atmosphere. Researchers can compare these species to tetrachloroethylene to help establish background concentrations based on residence time and emission rates. In the United States, each of these species, except 1,3-butadiene, has much lower emission levels than tetrachloroethylene. 14 Because the residence time of tetrachloroethylene is Ͼ1 order of magnitude larger than the other species, 15, 16 it is safe to assume that removal by hydroxyl (OH) will reduce the concentrations of these species to levels below those of tetrachloroethylene in the remote atmosphere. Similarly, one can estimate the concentrations of Cd and Be in PM 2.5 by comparing their emission rates to those of As and Cr using the same National Emissions Inventory. 14 PM 2.5 residence times for these metal species should be similar based on the PM size distribution. U.S. emissions rates for both Cd and Be are more than a factor of 2 below those of As or Cr. Therefore, it is safe to assume that their regional background concentrations will typically be lower than As and Cr.
RESULTS
Annual mean concentrations collected at sites in the NOAA-CMDL and IMPROVE monitoring networks are tabulated individually in Tables 1 and 2 , respectively. Data from the five remote NOAA-CMDL sites are weighted by cosine of sampling latitude to estimate annual mean concentrations of selected VOCs for the remote North American atmosphere, as shown in Table 1 . Although these mean concentrations provide an initial basis for understanding the influence of nonlocal emissions on concentrations measured in regional and urban areas, they can vary seasonally and across latitudes and altitude by substantial amounts as a function of photochemical production and/or removal. The gradients across latitudes as determined from annual means at remote sites relative to hemispheric means in the CMDL data are as follows: (minimum and maximum for the ratio, 100 ϫ [annual mean at site X]/[annual hemispheric mean], at the 5 remote stations): for dichloromethane, 80 -130%; chloroform, 80 -140%; tetrachloroethylene, 70 -150%; benzene, 50 -200%; and CCl 4 , 99.5-100.2%. For example, annual means measured for benzene in the Arctic marine boundary layer are about two times higher than those measured at Kumukahi, a coastal Hawaiian site. Furthermore, annual means at the coastal sites, Kumukahi and Trinidad Head, are 1.5-1.9 times higher than those at high-altitude sites found at similar latitudes (Mauna Loa and Niwot Ridge, respectively). The presence of strong gradients across latitude and altitude suggests that the true background concentration of benzene at sites in the United States will depend on the recent past history of the air mass (i.e., whether it was transported to the site of interest from low or high latitudes and from low or high altitudes). These considerations suggest that background-mixing ratios in North America might vary by as much as a factor of 3 or 4 for benzene on short timescales. Results from the West Coast site, Trinidad Head, are reasonably consistent with this conclusion; a flask measurement of background air in any given week is very often (95% occurrence) within a factor of 2.5 of the result from the previous week (50% of the time samples collected a week apart agree to within 30%).
Large intrahemispheric gradients were also observed for annual means of dichloromethane, tetrachloroethylene, and chloroform. These gradients, and those observed for benzene, occur because lifetimes of these gases are comparable to atmospheric mixing times, OH oxidation rates are enhanced at low latitudes, and emissions of these gases are greatest at middle to high latitudes. 7 Compared with benzene, however, smaller spatial gradients and reduced sample-to-sample variability are observed for these gases because they have substantially longer lifetimes. In contrast, CCl 4 , a gas with low emission levels currently and a very long lifetime, is well mixed across most of the Northern Hemisphere. The range of annual mixing ratios currently measured for this gas at northern hemispheric sites is ϳ1%. 10 In addition to the variations expected from latitudinal and vertical gradients in concentrations, shorter-lived gases also undergo large seasonal changes at high latitudes because of seasonal variations in OH levels and boundary layer mixing heights. For example, summertime benzene concentrations are typically lower than those during the winter, because of increased removal by OH and higher mixing heights, which dilute emissions from the surface. The magnitude of these variations can be substantial (see, Table 1 ) and suggest that background concentrations can vary over different seasons.
Of note, the uncertainties given in Table 1 for North American background concentration means only reflect the uncertainty in the NOAA calibration scale. They do not include bias and error because of the poorly characterized spatial variability discussed above or the uncertainty associated with the pressure and temperature assumptions in the conversion from ppt to g/m 3 . Table 2 lists the median, 20th percentile, minimum, and mean method detection limit for annual averages of PM 2.5 metal HAPs in 2002 at IMPROVE sites. The 20th percentile was considered an arbitrary estimate of clean air days in accordance with CAA visibility regulations. Therefore, PM 2.5 metals background concentrations were estimated as the annual mean concentration at the 20th percentile IMPROVE site. In two cases, the value of the 20th percentile annual mean concentration was below the mean MDL for that metal. To indicate the measurement uncertainty, the listed concentration for these species was designated as less than the MDL. This estimate provides only an upper limit on the possible background concentration for As and Cr. Table 3 lists the mean, minimum, maximum, and/or estimated remote and regional annual background concentrations of the 18 HAPs and acrolein. Concentrations of species listed in Tables 1 and 2 are repeated here. Acetaldehyde and formaldehyde concentrations were compiled from the field studies listed in the methodology section. These values have not been adjusted for possible latitude biases. The species with values listed in the "estimated" column are upper background concentration limits based on comparisons described in the methodology section.
The "regional" column values in Table 3 are based on IMPROVE site measurements from the United States. The estimated upper-limit values are based on comparisons of the emission inventories of species with ambient measurements and those without ambient background measurements. Table 4 compares the selected background concentrations created or gathered from the previous subsection with those from the Rosenbaum et al. 2 and Bortnick et al. 3 studies. The concentrations from Rosenbaum et al. 2 are taken from background North American studies performed in the 1970s and 1980s and were assumed to be independent of latitude and season. Background estimates from Bortnick et al. 3 are derived from statistical model analysis of the minimum concentrations at urban sites. Ubiquitous urban emissions may not be separable from background concentrations using the statistical model at some sites, leading to higher estimates of background concentrations for some species. The best estimates of the background concentrations from this study are provided for comparison. For most of the analyses in 
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the subsequent sections, the authors use the background concentrations shown in the last column in Table 4 .
Estimates from this study are lower than the 1990 estimates from Rosenbaum et al. 2 The largest percentage difference was the 70% decrease of benzene, whereas the formaldehyde concentration estimate only decreased by 20%. The background concentrations of benzene, tetrachloroethylene, methylene chloride, CCl 4 , and chloroform from this study are significantly lower than the concentrations from Rosenbaum et al. 2 (i.e., the 95% upper confidence limit from this study is lower than the Rosenbaum et al. 2 concentration). Rosenbaum et al. 2 did not provide uncertainty ranges; uncertainties in the previous estimates may be large enough to include the lower concentrations reported in this study. However, some of the differences from 1990 to 2003 may also be because of decreasing concentrations in the atmosphere of some species. Latitudinal and seasonal variability may also account for a portion of the differences in some of the concentrations between these two studies.
Values of background concentrations generated using statistical treatment of measurements from Bortnick et al. 3 are almost all higher than those in this study.
Whereas results for some compounds are physically reasonable as regional background concentrations (e.g., benzene, acetaldehyde, formaldehyde, and methylene chloride), others are not (Cr PM 2.5 and CCl 4 ) because the Bortnick at al. 3 results show poor agreement with the results from this study and Rosenbaum et al. 2 In particular, CCl 4 estimates are too low when compared with remote measurements, which is likely a result of MDL/2 substitution for nondetects that are perhaps only slightly below MDL. For the PM metal species, it is likely that the Bortnick et al. 3 median and twenty-fifth percentile estimates are systematically biased high, because the statistical model used had no means of discriminating between continuous and ubiquitous local (i.e., Ͻ50 km) emissions sources from regional background concentrations.
DISCUSSION
The following subsections place the background concentrations estimated in this study in the context of their potential contributions to total cancer risk, their contribution to typical urban concentration levels, and assess possible trends in species with substantial long-term records. Risk Associated with Background Concentrations The inhalation unit risk for a chemical species is the increased probability of a person developing cancer from breathing air containing a specified concentration of the chemical for 70 yr. The inhalation unit risk is derived using mathematical models that assume a nonthreshold approach where some risk of cancer would occur at any level of exposure. The methods used to derive these inhalation unit risk values result in an "upper bound" estimate, that is, the true risk is unlikely to exceed this value and may be much lower. The risk-specific dose, or cancer benchmark, is an estimate of the chemical dose corresponding to a one-in-a-million (10 Ϫ6 ) level of cancer risk. EPA has estimated that if an individual were to breathe air containing the risk-specific dose of the chemical over his or her entire lifetime, that person would theoretically have no more than a one-in-a-million increased chance of developing cancer as a direct result of breathing air containing the chemical. 17 Multiple values exist for these cancer benchmarks from EPA and other agencies.
Comparing the background concentrations from this study with cancer benchmarks recommended in October 2003 18 by EPA Office of Air Quality, Planning, and Standards, the Integrated Risk Information System, and California EPA provides an indication of which species may contribute to cancer risk nationwide. The goal of this analysis is not to assess the uncertainty in the cancer benchmark but rather to estimate which HAPs show background concentrations high enough to exceed these benchmarks. Figure 2 shows background concentrations compared with 10 Ϫ6 cancer benchmarks. Remote background concentrations of CCl 4 , formaldehyde, benzene, and chloroform are all above a 10 Ϫ6 cancer benchmark. CCl 4 concentrations are globally uniform, as shown by remote measurements of concentrations that are very similar to those in urban areas. 19, 20 In contrast, formaldehyde, chloroform, and benzene have significantly higher concentrations in urban and polluted areas, as the authors will discuss in the next section. The uncertainties in the cancer benchmarks for chloroform, formaldehyde, and benzene are all large enough to drop background concentrations below the 10 Ϫ6 risk level. Although risks associated with background concentrations of benzene, chloroform, and formaldehyde are above one-in-a-million for at least one cancer benchmark, urban emissions will greatly increase the risk associated with these HAPs.
The upper limit for background concentrations of vinyl chloride and Cr PM 2.5 are also above a 10 Ϫ6 cancer benchmark. However, the background concentrations of these species are only upper-limit estimates; additional measurements with better detection limits are needed to quantify whether these species are indeed a health risk. In contrast, the remote background concentrations of other gaseous species are below the 10 Ϫ6 cancer benchmark and should not be considered health risks in remote areas unimpacted by local or regional emissions.
For the PM metals, the background concentrations of all species except Cr PM 2.5 are below the 10 Ϫ6 cancer benchmark. Additionally, it is important to note that cancer risk from Cr is associated almost entirely with the Cr VI oxidation state of Cr. This oxidation state was found to consist of Ͻ10%, and usually between 1.5% and 3.5%, of total Cr in the EPA 10-City Pilot Study of air toxics and the Multiple Air Toxics Exposure Study. 21, 22 Thus, the background concentrations of Cr VI in PM 2.5 are probably Ͼ1 order of magnitude lower than the total background Notes: Current study values are derived from the remote, regional, or estimated columns in Table 3 . a CCI 4 concentrations from Bortnick et al. 3 are likely biased low because of MDL/2 substitution for values below MDL Cr PM 2.5 estimated in Table 2 . Therefore, it is likely that Cr VI background concentrations are Ͻ10 Ϫ6 cancer benchmarks. Additional measurements using techniques with a lower MDL for Cr VI are needed to resolve its background concentration for modeling studies.
Comparing Background and Urban
Concentrations Typical urban concentrations are taken from the middle 50% of seasonal average concentrations from the 10-City Pilot Study. 21 Using our estimates of remote and regional background concentrations from Table 4 , one can determine the average contribution of remote and regional background concentrations to typical urban concentrations. Table 5 lists the median urban concentrations of a selected list of the target HAPs found in the 10-City Pilot Study. Using the median as the typical urban value, the authors calculated the percentage of the urban value that can be attributed to remote or regional background concentrations. For species other than CCl 4 and chloroform, remote or regional backgrounds are a small but significant (6 -17%) portion of the typical urban concentration. The background contributions for CCl 4 and chloroform are 99% and 32%, respectively. Seasonally, remote concentrations can vary by a factor of 2 or more (see Table 1 ). Typical urban concentrations can also vary by a factor of 2 seasonally in the same fashion for the same species. 20 Therefore, one does not typically expect seasonal variability to alter the background percent contribution by more than a factor of 2. The implication is that local and regional source emissions are responsible for the majority of urban concentrations for these eight air toxics throughout the year.
In contrast, urban concentrations of CCl 4 are the same as background concentrations. The Ͻ1% discrepancy between background concentrations and urban concentrations in 2001 are well within the expected measurement resolution of the analytical method used in the 10-City Pilot Study, which could only resolve concentrations in increments of ϳ0.06 g/m 3 . The policy implication is that CCl 4 concentrations cannot be controlled locally or regionally but only globally. CCl 4 concentrations are already regulated nationally and internationally and are discussed in the next section.
Trends in Background Concentrations
Trend analyses were performed on the measurements of the five target VOCs from the NOAA-CMDL network from the middle to late 1990s through 2003. CCl 4 and tetrachloroethylene showed a statistically significant declining trend at the 95% confidence interval at remote background sites. Benzene, chloroform, and dichloromethane concentrations did not show significant trends at the remote sites over the same time period.
The declining concentrations of CCl 4 are well understood. 19 CCl 4 was a target compound of Title VI of the CAA regulating chlorofluorocarbons that catalytically destroy stratospheric ozone. 23 Under the regulations agreed to in the Montreal Protocol, CCl 4 production had to be reduced to 15% of 1990 levels by 1995. Production of CCl 4 for dispersive uses was phased out completely in the United States in 1996. (Production and the sum of production plus imports of CCl 4 were phased out completely in 1996 in developed countries by the fully revised and amended Montreal Protocol. Exceptions exist for production allotted for nondispersive uses, for production to assist developing nations, and for approved uses deemed essential.) As a result of these national and international regulations, CCl 4 concentrations have been decreasing by 1% per year since the early 1990s.
The NOAA-CMDL measurement data from remote North American sites indicate that tetrachloroethylene concentrations have decreased since 1995 by Ͼ5% per year. 24 The decrease in tetrachloroethylene has also been reported by Simpson et al. 25 This decline may be associated with the maximum achievable control technology regulations aimed at dry cleaning in 1993 and halogenated solvents in 1994. 26 Again, the declining trend of tetrachloroethylene cannot be definitively ascribed to regulations in the United States alone, because its relatively long lifetime allows it to be transported throughout the Northern Hemisphere. 
